Soil temperature and moisture are the key variables that control the overall effect of climate and topography on soil and vegetation in alpine regions. However, there has been little investigation of the potential soil temperature and moisture feedbacks on climate changes in different alpine ecosystems and their impact on vegetation change. Soil temperature and moisture at five depths were measured continuously at 10-min intervals in three typical ecosystems (Kobresia meadow (KMd), Achnatherum splendens steppe (ASSt), and Potentilla fruticosa shrub (PFSh)) of the Qinghai Lake watershed on the northeast Qinghai-Tibet Plateau, China. The findings of this study revealed that the KMd and PFSh sites had relatively low soil temperature and high soil moisture, whereas the ASSt site had relatively warm soil temperature and low soil moisture. The soil and vegetation characteristics had important effects on the infiltration process and soil moisture regime; about 47%, 87%, and 34% of the rainfall (minus interception) permeated to the soil in the KMd, PFSh, and ASSt sites, respectively. In the context of the warming climate, changes to soil moisture and temperature are likely to be the key reasons of the alpine meadow deterioration and the alpine shrub expansion in the alpine regions.
INTRODUCTION
Global surface temperature increased 0.85 W C between 1880 and 2012, and is projected to increase 1.1-2.6 W C by 2100.
On the Qinghai-Tibet Plateau, China, the surface temperature is projected to increase by 0.9-4.9 W C, and the precipitation is projected to change by À1% to 32% by 2100 in a medium emissions scenario (IPCC ). This study took place in the Qinghai Lake watershed, northeastern Qinghai-Tibet Plateau, China; high-resolution and multi-depth soil moisture and temperature were continuously measured on three alpine ecosystems. The main objectives of this paper were: (1) to ascertain the range of temperature and moisture levels and variability in alpine ecosystems with different vegetation types and soils in the context of weather changes in the Qinghai Lake watershed;
and (2) to discuss the interaction between the thermal moisture regime of soils and vegetation in alpine regions. Belowground biomass was much higher than the aboveground biomass in all three ecosystems (Table 1 and Figure 2). The belowground biomass of annual herbs in the KMd and PFSh sites was about 50 times their aboveground biomass, the belowground biomass of perennial herb A. splendens patch was about 100 times its aboveground biomass, and the belowground biomass of perennial P. fruticosa shrub patch was about two times its aboveground biomass (Table 1) . Belowground biomass was mainly concentrated in the surface layer ( Figure 2 ). The biomass at the soil depth of 0-10 cm occupied about 77% of the whole belowground biomass in the KMd site. Under the P. fruticosa shrub patches, the belowground biomass was mainly distributed at 0-50 cm. Because few roots were present at soil depths greater than 40 cm, the soil organic matter content was low in both the PFSh and KMd sites. The roots of A. splendens could reach as deep as 80 cm, and the biomass at the soil depth of 80 cm was about 0.25 kg m À2 . Correspondingly, soil organic matter at soil depth of more than 40 cm in the ASSt site was the highest of the three ecosystems ( Table 2 ).
MATERIALS AND METHODS
The distribution of belowground biomass had an important effect on the soil organic matter.
The soil depths of the three ecosystems were no more than 1.1 m above the parent material layer (Figure 3 , (Table 3) .
Bulk density, total soil porosity, and soil organic matter in the three ecosystems is shown in Table 2 . At 10 cm soil depth, bulk density was lowest in the PFSh site and highest in the ASSt site; while at soil depths of more than 40 cm, bulk density was highest in the PFSh site and lowest in the ASSt site. The total soil porosity in the three ecosystems was inversely related to the bulk density. In the KMd and PFSh sites, the bulk density increased and the total soil porosity decreased with increasing depth, while in the ASSt site, the bulk density at 10 cm soil depth was higher than at 20 cm soil depth. Soil organic matter decreased with increasing depth in all three ecosystems (Table 2 ). In the upper layers (0-20 cm), soil organic matter was much higher in the PFSh site than in the other two sites; whereas, in the deeper layers (60-100 cm), soil organic matter was higher in the ASSt site than in the KMd and PFSh sites.
Soil water content and temperature measurements ECH2O 5TE sensors (Devices, USA) were installed in the soil profile to measure soil moisture (cm 3 cm À3 ) and 
Meteorological observations
An auxiliary meteorological station with a 3-m-high pillar was installed at each experimental site. Three stations were installed in total, each with the same instruments.
Air temperature and relative humidity were measured using a 225-HMP50YA probe (NOVALYNX, USA) at a height 2.0 m above ground level. Rainfall was recorded using a rain gauge (ARG100, Campbell, USA). A net radiometer (240-100, NOVALYNX, USA) was used to measure net radiation. Soil heat flux was measured using a heat flux plate (HFP01, Dynamax Inc., USA). Wind speed and direction were measured by an anemometer (05103-5, RM-YOUNG, USA) positioned at 2 m above the ground. The data were recorded by a DT 500 data logger (Datataker, Australia) every 10 min. The meteorological observations were carried out simultaneously with the soil water content and temperature measurements. direct gradient analysis method, was performed using CANOCO 5.0 software (Centre for Biometry, Wageningen,
The Netherlands, 2012). First, a detrended correspondence analysis was run, and the results showed that it was opportune to analyze the data in this study using the linear model of RDA according to Lepš & Amilauer () .
RESULTS
Variation of soil temperatures and its relation to air temperature in the three ecosystems
Soil temperature varied greatly between the three different ecosystems ( could be as long as 196 days at the 80 cm soil depth. In the ASSt site, because of its high salinity, the freezing and thawing temperature was À2.8 to À1.3 W C (Zhang ), lower than 0 W C, and its frozen soil period was shorter than 100 days. These results indicate that the PFSh ecosystem had the longest period of frozen soil.
Average soil temperature variations within a single day are shown in Figure 5 . It is clear that soil temperature fluctuated considerably at the depths of 10 and 20 cm, and soil temperature changed little beneath the depth of 40 cm.
Soil temperature change amplitudes were higher in the warmer May and August than in the colder February and
November. The highest soil temperatures at the depth of 10 cm appeared from 17:00 to 19:00, and the lowest soil temperatures at the depth of 10 cm appeared from 9:00 to 10:00. The deeper the soil layer, the later the soil tempera- (Figure 7) .
In the growing season, mean soil moisture of the whole profile was 0.27, 0.29, and 0.25 m 3 m À3 in the KMd, PFSh, and ASSt sites, respectively. In the KMd site, the growing season soil moisture decreased with increasing soil depth except at 60 cm soil depth, and the growing season soil moisture at 10 and 20 cm soil depth was significantly higher than that in other deeper layers. However, the growing season soil moisture at 40, 60, and 100 cm soil depth had no significant differences (Figure 7(a) ). In the PFSh site, the growing season soil moisture at 10 and 20 cm soil depth was significantly higher than that at 60 and 80 cm soil depth, and the highest soil moisture appeared at 20 cm soil depth (Figure 7(b) ). In the ASSt site, the highest growing season soil moisture occurred at 20 cm soil depth, and the lowest growing season soil moisture occurred at 40 cm soil depth (Figure 7(c) ).
Frequency distributions of 10-min soil water contents The RDA result clearly showed that the percentage of variance of daily soil moisture explained by the first axis was 53.3%, 32.6%, and 54.9% in the KMd, PFSh, and
ASSt sites, respectively. The vapor pressure (e) lines were the longest lines in the RDA bioplot diagrams (Figure 9 ), indicating that vapor pressure had the best correlations with soil moistures and daily soil moisture variations were explained by vapor pressure at 18.0%, 13.7%, and 35.0% in the KMd, PFSh, and ASSt sites, respectively. The explanation of the first axis and the best correlation factor for soil moistures was much lower than found for soil temperature, which revealed that the factors influencing soil moisture were much more complicated than those controlling soil temperature, and weather factors were only part of the explanation. Rainfall is an important source of soil water, and is expected to be a key factor for soil moisture. Ten-minute soil moisture changes during different rain events are presented in Figure 10 . The responses of soil moisture to the rainfall pulses were also affected by the characteristics of the rainfall process and the antecedent soil moisture. When the rain intensity was gentle, there was a lag time for increasing soil moisture;
otherwise, the soil moisture increased quickly. In the rain event during June 26-27, 2012, the rain intensity was 2.1 mm h À1 , and the soil moisture at 10 cm soil depth in the KMd site increased by 0.02 m 3 m À3 (the accuracy of the sensors) within 50 min of commencement of the rain (Figure 10(a) ). The total rain depth within the first 50 min was as high as 8.6 mm. In the rainfall event during July 3-4, 2013, the rainfall intensity was 1.3 mm h À1 , and the soil moisture at 10 cm depth of the KMd site increased by and 10(e)). However, if the antecedent soil moisture was approaching saturation and the rainfall intensity was high at the beginning of rain, soil moisture at 20 cm soil depth increased early simultaneously with that at 10 cm soil depth (Figure 10(a) ).
Based on the monitoring soil moisture data at 10-min intervals in five depths, soil water storage of 0-100 cm soil profiles in each site was calculated by summed up soil water storage of the five soil layers. The changes of soil water storage of the soil profiles (0-100 cm) after rain in different ecosystems are presented in Figure 11 . The changes of soil water storage in the KMd, PFSh, and ASSt sites could be estimated using the following equations, Figure 9 | Ordination axes 1 and 2 of the RDA for soil water content at different depths (with solid arrowhead) and weather factors (with hollow arrowhead) in the growing season. SM##, soil moisture at the soil depths of ## cm; Rn, net radiation; G, soil heat flux; Ta, air temperature at 2 m; RH, relative air humidity at 2 m; e, vapor pressure; ed, vapor deficit; P, precipitation.
Figure 10 | Soil moisture dynamics during several typical rainfall events in the KMd, PFSh, and ASSt sites. P, rain amount, I, rain intensity. respectively:
where W KMd , W PFSh , and W ASSt are the changes of soil water storage (mm) in the KMd, PFSh, and ASSt sites, respectively; and P is the rain depth (mm). This indicates that the slope of Equation (2) is the largest. A comparison of Equations (1)-(3) indicates that the change of soil water storage in the PFSh site was the largest, meaning the greatest infiltration, when the rainfall amount was larger than 5.0 mm. It was estimated that about 47%, 87%, and 34% of the rain (minus the intercepted quantity indicated by canopy interception and surface filling) permeated into the soil in the KMd, PFSh, and ASSt sites, respectively. heat of water was 4.2 J g À1 W C À1 , about five times that of mineral matter; therefore, the soil heat capacity was mainly determined by the soil moisture (Wei ) . In the growing season, the soil moisture could be as high as 0.35 and 0.40 m 3 m À3 at 10 cm soil depth in the KMd and PFSh sites, much higher than that in the ASSt site (Figure 7) .
DISCUSSION
This leads to higher soil heat capacity and lower soil warming in the KMd and PFSh sites than in the ASSt site.
Furthermore, the high aboveground biomass in the PFSh site (Table 1) The vegetation cover is another key factor affecting infiltration. P. fruticosa is a chamaephyte functional group, and has much more aboveground biomass than Kobresia, especially in winter and spring when the aboveground biomass of herbs is consumed by domestic animals. The more aboveground biomass in the PFSh site could intercept more rainfall; however, it could have a more positive influence on soil moisture due to its improvement in the soil property. The dense stems of P. fruticosa could protect the ground against animal treading, resulting in increased surface litter, higher soil organic matter, a lower bulk density and higher porosity at 10 cm soil depth than in the KMd site ( The PFSh ecosystem could withstand the climate impact because of its high plant coverage and soil water content, and thus may expand in the warming future. The ASSt ecosystem is likely to be affected by climate warming and the plants with shallow root systems in the ASSt site would face strong water stress and would degrade.
